Abstract. The mutation Lurcher, resulting from a gain of malfunction of the ␦2 glutamate receptor expressed specifically by cerebellar Purkinje cells, causes a primary total loss of these neurons of the cerebellar cortex, as well as the secondary degeneration of cerebellar granule and inferior olive neurons. The distributions of glutamate receptors sensitive to amino-methylisoxazole-propionic acid (AMPA), to kainic acid (KA), and to N-methyl-D-aspartic acid (NMDA) as well as metabotropic sites (MET1 and MET2) were examined in wild type and Lurcher mice by quantitative autoradiography. This study was undertaken to determine the gene effect on the distribution of the various glutamate receptor subtypes, as well as how the cerebellar lesion affects the glutamatergic system in other brain regions. In cerebellum, there were postsynaptic AMPA and metabotropic receptors on Purkinje cells, postsynaptic NMDA receptors on granule cells, as well as KA receptors on granule cells or on parallel fibers. Taking into account surface areas, binding to all receptor subtypes was lower in the cerebellar cortex of Lurcher mutants than in wild type mice, while in the deep cerebellar nuclei only KA receptors were diminished. In other brain regions, the alterations followed always the same pattern characterized by a decrease of NMDA and KA receptors but with an increase of AMPA sites; these reciprocal changes were seen in thalamus, neostriatum, limbic regions, and motor cerebral cortical regions. Comparisons of glutamate receptor distribution in Lurcher mutants and in human autosomal cerebellar ataxia may permit further understanding of the role of glutamate-induced toxicity on neuronal death in these heredo-degenerative diseases.
INTRODUCTION
The abnormal Lurcher gene causes a gain of malfunction of the ␦2 glutamate receptor (1) that is mainly expressed in Purkinje cells (2) , and a Purkinje-cell intrinsic defect during the second postnatal week (3), leading to secondary degeneration of cerebellar granule cells and deep nuclei as well as of inferior olive neurons (4) (5) (6) . The mutation causes Purkinje cell death by apoptosis (7, 8) . In contrast to homozygous Lurcher (Lc/Lc) mutants, which die during the first postnatal day due to massive brainstem damage (9, 10) , the heterozygous mice (Lc/ϩ) live to adulthood, albeit with motor coordination deficits that appear (11) as early as postnatal day 11 and persist throughout juvenile and adult stages (12, 13) . During the third postnatal week, the spared Purkinje cells in Lc/ϩ mutants continue to express (as in wild-type mice) the enzyme glutamate decarboxylase that synthesizes ␥-amino-butyric acid (GABA), as well as the calcium binding protein calbindin, attesting to the advanced stage of development that these neurons attain before their degeneration (14) . Moreover, these transient Purkinje cells become hyperinnervated by climbing fibers, probably due From the Centre de Recherche en Sciences Neurologiques (RL, TAR), Faculté de Médecine, Université de Montréal, Montreal; the Service de Neurologie (RL), Centre Hospitalier Universitaire de Montréal, Campus Hôtel-Dieu, Montréal, Canada; the Laboratoire de Neurobiologie de l'Apprentissage (CS, RL), Faculté des Sciences, Université de Rouen, Rouen, France; and the Université Henri Poincaré-Nancy I (CS), Nancy, France.
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to a cell-intrinsic deficiency (15) . As a secondary consequence of Purkinje cell degeneration, the neuronal death in the inferior olive seems to be of an apoptic nature as well, but can be prevented by over-expression of the human bcl-2 gene (16) . It has also been shown that the cerebellar cell deficit resulting from the Lurcher mutation leads to augmented brain metabolism in the deep cerebellar nuclei and in some of the cerebellar efferent regions of adult Lc/ϩ mice, as assessed by cytochrome oxidase activity (17) .
Previous studies have characterized the functional anatomy of glutamate receptor subtypes in the cerebellum of wild-type mice and other cerebellar mutants, including nervous, Purkinje cell degeneration, reeler, staggerer, and weaver (18) (19) (20) . A postmortem study carried out with cerebellar tissues from human controls and from patients who died with cerebellar atrophy (21) revealed decreases of [ 3 H]glutamate binding in the molecular layer of the cerebellum. Moreover, further discrimination of receptor subtypes documented decreases of quisqualate-sensitive binding in these tissues, regrouping the ionotropic amino-methyl-isoxazolepropionic acid (AMPA) sites and metabotropic receptors. This was accompanied by increases in densities of N-methyl-D-aspartic acid (NMDA)-sensitive receptors, suggesting a differential participation of these binding sites and/or of glutamatergic neurotransmission in the pathology of human cerebellar atrophy. In the case of the Lurcher mutant, considered a potential animal model of olivopontocerebellar atrophy, the mutated ␦2 glutamate subunit is expressed almost exclusively by cerebellar Purkinje cells (1, 22) . This glutamate receptor protein subunit has been designated an ''orphan'' receptor as the ligand is unknown (23) , but is still capable of modulating the induction of cerebellar long-term depression in coexpression with receptor subunits that are sensitive to AMPA (24) . Besides its presence in the cerebellum, expression of the ␦2 glutamate subunit (albeit weak) is also found in some hindbrain nuclei, anterior cingulate cortex, and hippocampal dentate gyrus granule cells (1, 2) . Since the Lurcher mutation affects a glutamate receptor protein subunit, and glutamate binding sites have been proposed to play a role in the physiopathology of heredo-degenerative diseases, a topological study of glutamate receptors, including the ionotropic subtypes sensitive to NMDA, AMPA, and kainic acid (KA), as well as the metabotropic MET1 and MET2 sites, was undertaken by quantitative ligand binding autoradiography. These surveys in wild-type (ϩ/ϩ) and Lc/ϩ mice were carried out in forebrain, hindbrain, and cerebellum, except for MET1 receptors limited to the cerebellum, because of insufficient binding in other brain regions (25) . The aim of this investigation was to determine if and how the Lurcher cerebellar cell deficits could affect glutamate receptor distribution in the cerebellum itself and in other brain structures, and whether other forebrain regions also known to express the ␦2 glutamate subunit could undergo glutamate receptor changes as well.
MATERIALS AND METHODS

Animals and Tissue Preparation
Five male heterozygous Lurcher (Lc/ϩ) mutants and 5 male wild-type (ϩ/ϩ) mice belonging to the same background strain (B6CBACa-A w-J /A) were purchased from the Jackson Laboratory (Bar Harbor, ME) and kept in group cages with wood chip bedding under a light-dark cycle of 12 h (lights on at 0700 h, off at 1900 h); food and water were available at all times in a temperature-and humidity-controlled room. All procedures were in strict accordance with the Canadian Council on Animal Care Guide to the Care and Use of Experimental Animals (2 nd edition) and the protocol was approved by the Comité de Déon-tologie pour l'Expérimentation Animale of the Université de Montréal. All the animals were killed by decapitation at about 3 months, i.e. from 90 to 110 days of age. The brains were removed, rapidly frozen by immersion in N-methylbutane cooled to Ϫ40ЊC with liquid nitrogen, and then stored at Ϫ80ЊC. The brains were serially cut into 20-m-thick coronal sections with a cryostat; the sections were then mounted on 0.2% gelatin/0.033% chromium potassium sulfate coated slides, and kept at Ϫ80ЊC until used. In each slide there were 12-16 sections, corresponding to consecutive coronal planes at 500-700-m intervals, so that an entire brain could be observed and sampled on every slide.
Incubations for Ligand Binding Autoradiography
Specific conditions varied for each autoradiographic assay; however, the general protocol was essentially as follows. The slides to be used for autoradiography, i.e. 3 slides per animal and per assay (of which 2 were used for total binding and 1 for nonspecific labeling) were brought to room temperature, preincubated in an incubation buffer for 30 min at 0-4ЊC (ice bath) to remove endogenous ligands, and then blown dry under a stream of air at room temperature.
The incubations with the radiolabeled ligands were carried out with a fresh buffer solution during 45 min at 2ЊC, following protocols for glutamate binding already described in detail by others (25) (26) (27) (25, 28, 29) expressed in fentomoles per milligram of protein (fmol/mg protein). The anatomical structures were defined according to stereotaxic coordinates (30) , and multiple OD measurements were Labeling is also distinct in claustrum (Cl), nucleus accumbens (Acb), septum (Spt) and olfactory tubercle (Tu). The neostriatum (NS; caudate-putamen) was divided in dorsal (dNS) and ventral (vNS) halves. B) Section at an equivalent plane from a Lc/ϩ mutant, showing the decreases in KA receptors in the cortical areas, in the limbic system and in the basal ganglia. C) Section from a ϩ/ϩ mouse showing the dorsal hippocampus (dHip), its dentate gyrus (DG) and the fields of Ammon's horn CA1, CA2 and CA3. Also, note at this level the amygdala (Amyg), thalamus (Thal), lateral hypothalamus (lHyp) and medial hypothalamus (mHyp) as well as the entorhinal (Ent) and retrosplenial (RS) cortices. D) A section from the brain of a Lc/ϩ mutant showing the hippocampus, thalamus, hypothalamus and amygdala. E) This section traversing the brainstem of a ϩ/ϩ mouse comprises the cerebellum and medulla oblongata. Note the labeling in the cerebellar cortex (CBctx) and in the deep cerebellar nuclei (CBnuc) that at this level are represented mainly by the lateral (dentate), the anterior interposed and the medial (fastigial) nuclei. Ventral to the cerebellum, the fourth ventricle (4V) can be used as an anatomical landmark. F) In the caudal-most section of the brainstem and cerebellum from a Lc/ϩ mutant, note the considerable atrophy of the latter structure. Also, because of the cerebellar atrophy, the superior colliculi (CS) can be observed in this plane of section, and in spite of the reductions in areas, the cerebellar cortex (CBctx) as well as the deep cerebellar nuclei (CBnuc) can still be identified. In this and in the following illustrations, the non-transformed autoradiographic images were digitized at a resolution of 20 m/pixel, and for the illustrations, exported as TIFF files sampled with a resolution of 300 ϫ 300 dpi. The calibration standards for [ taken from each labeled region depending on the extent of the anatomical structures considered and their possible heterogeneity. Surface measurements of the cerebellar cortex and deep nuclei were made on the cresyl-violet stained sections in order to quantitatively evaluate the extent of the atrophy with the MCID system by counting the number of pixels in a target with the Spatial-Area calibration feature to correct for nonlinearity. The statistical significance of differences in receptor densities in the different brain regions of the control ϩ/ϩ mice and of the Lc/ϩ mutants was assessed by unpaired 2-tailed t-tests, with Statview 1 software on a Macintosh computer.
RESULTS
The overall distribution of glutamate receptors in the CNS regions in wild type mice (ϩ/ϩ) followed the general pattern already described in other mice strains (18) (19) (20) , as well as in rat (25) (26) (27) . In the cerebellum of Lc/ϩ mutants, there were severe glutamate receptor alterations, as expected, since this is the site of the main neuropathological lesion. In addition to the changes in the cerebellum, there were also differences in glutamate receptor distribution in many other brain regions when compared with the ϩ/ϩ mice.
Two general findings must be underscored: 1) In Lc/ϩ mutants compared with ϩ/ϩ mice, the different receptor subtypes exhibited a characteristic pattern of changes, i.e. levels of NMDA and KA receptors were always decreased, whereas densities of AMPA binding sites showed only increases. 2) In addition, a close parallel could be drawn in some of the brain regions between changes in NMDA receptor binding on one hand and KA receptor binding on the other. In contrast, no correlation was found between those brain regions where NMDA receptor binding was reduced and those where AMPA receptor binding was increased, except in the CA2-CA3 divisions of the hippocampus. In several brain regions, notably in the limbic system, increases in AMPA receptors were accompanied by decreases of KA receptor binding. Far fewer changes were observed for total glutamate binding sites, or for MET2 receptor binding. In those brain regions where differences in receptor levels were documented, labeling in the Lc/ϩ mutants was always uniformly lower in comparison to the densities measured in the ϩ/ϩ mice.
Cerebral Cortex
The labeling of glutamate KA, AMPA and NMDA receptors was very apparent throughout the cerebral cortex (Table 1) , and in general the external layers I-III showed somewhat denser labeling, except for KA receptors that were preferentially localized in the deeper layers V-VI (Fig. 1) . Binding alterations in Lc/ϩ mutants occurred primarily in sensorimotor areas and cortical regions associated with the limbic system. Intergroup differences between Lc/ϩ mutants and ϩ/ϩ mice were found for NMDA, AMPA, and KA receptors (Table 1) , but there were no variations in total glutamate binding sites or MET2 receptor levels (Table 2) . Moreover, as in other brain regions, there were only lower densities of NMDA and KA receptor binding, and increases of AMPA receptors in the cortical areas of Lc/ϩ mutants. There were reciprocal KA and AMPA receptor changes in association with areas of the cortical limbic system, i.e. prelimbic (Ϫ21.7% and ϩ30.2%, respectively), entorhinal (Ϫ31.3% and ϩ45.9%, respectively), retrosplenial (Ϫ33.6% and ϩ41.2%, respectively), and auditory cortices (Ϫ34.6% and ϩ26.1%, respectively), as well as in the claustrum (Ϫ30.0% and ϩ34.9%, respectively). On the other hand, there were concomitant decreases of KA and NMDA receptors in anterior cingulate (Ϫ36.4% and Ϫ22.4%, respectively), primary motor (Ϫ32% and Ϫ25.7%, respectively), and secondary motor (Ϫ33.6% and Ϫ31.4%, respectively) cortices, whereas other AMPA ( Fig. 2) and NMDA ( Fig. 3) receptor changes in cortex did not seem to be correlated (Table 1) . Moreover, in Lc/ϩ mutants there were higher densities of AMPA binding sites in the visual cortex (ϩ61.8%), and lower levels of NMDA receptors in the piriform cortex (Ϫ32.2%).
Limbic System
All the glutamate receptor subtypes labeled with high intensity in limbic regions (Tables 1, 2) , particularly in olfactory nuclei and tubercles, amygdala and septum, as well as in the hippocampal formation. Decreases of KA receptor labeling and increases of AMPA receptors were more frequently documented than changes in NMDA sites. In several of the limbic regions reciprocal changes were observed between KA and AMPA receptors, as in the cerebral cortex (Table 1) . Briefly, in olfactory tubercle, KA receptor binding was lower but densities of AMPA sites were higher (Ϫ29.8% and ϩ28.6%), septum (Ϫ31.1% and ϩ49.2%), amygdala (Ϫ33.0% and ϩ17.8%), dorsal hippocampus (Ϫ76.3% and ϩ47.7%), ventral hippocampus (Ϫ40.8% and 36.6%), hippocampal CA1 field (Ϫ29.1% and ϩ48.5%), and subiculum (Ϫ37.5% and ϩ88.6%). There was also increased [ 3 H]AMPA binding in olfactory nucleus (ϩ36.9%) and in hippocampal CA2-CA3 fields (ϩ35.7%), as well as reductions of NMDA receptors in preoptic area (Ϫ33.6%) and in CA2-CA3 fields (Ϫ28.4%). In contrast to these changes, total glutamate binding remained unchanged (Table 2 ) except in the olfactory tubercle, where it was decreased (Ϫ17.1%), a region where KA receptor binding was also reduced, as described above. Binding of [ 3 H]glutamate to MET2 receptors (Table 2) was decreased in the hippocampal formation, i.e. in dentate gyrus (Ϫ24.3%), as well as in CA1 (Ϫ31.2%) and CA2-CA3 (Ϫ27.5%) fields.
Basal Ganglia
In both ϩ/ϩ mice and Lc/ϩ mutants, there were high levels of glutamate receptor binding in nucleus accumbens and neostriatum (caudate-putamen) compared to the relatively lower densities found in globus pallidus (Table  3 ). In the Lc/ϩ mutants, there were decreases in KA receptor densities in dorsal neostriatum (Ϫ24.0%), ventral neostriatum (Ϫ32.8%), globus pallidus (Ϫ35.2%), and nucleus accumbens (Ϫ34.0%), as well as diminished binding to NMDA sites in globus pallidus (Ϫ36.0%). It is interesting to note that both divisions of the neostriatum that exhibited decreased KA receptor binding also showed increased AMPA labeling, amounting to ϩ29.6% in the dorsal division and to ϩ33.9% in the ventral half. In spite of these differences in the levels of KA, AMPA, and NMDA receptors in the basal ganglia of the Lc/ϩ mutants, binding of total glutamate sites, or of MET2 sites was unaltered when compared with ϩ/ϩ mice (Table  4) .
Thalamus and Hypothalamus
In general, there were moderate to low binding densities of glutamate receptor subtypes in thalamus, and even lower densities in hypothalamus (Table 3) . Labeling was preferentially higher in the medial parts of these structures and was somewhat denser for NMDA and MET2 receptors. As was the case for other regions, intergroup differences were found for NMDA and KA receptor binding (Table 3 ). In thalamus of Lc/ϩ mutants, labeling of KA receptors was weaker in the midline (reuniens, rhomboid, and submedial; Ϫ32.6%), latero-dorsal (Ϫ46.9%), ventro-lateral (Ϫ44.6%), and intralaminar (Ϫ31.0%) nuclei; the latter 2 are known to receive prominent cerebellar inputs (31) . In addition, Lc/ϩ mutants had lower NMDA receptor densities in intralaminar (Ϫ25.6%), midline (Ϫ32.7%), and latero-dorsal (Ϫ23.5%) nuclei. Although total [ 3 H]glutamate binding was increased in medial geniculate nucleus (ϩ45.2%), there were no other changes in total glutamate sites or in MET2 receptors (Table 4) .
Brainstem
In the brainstem of ϩ/ϩ mice (Tables 3, 4 sparse, and was even lower (Ϫ32.6%) in Lc/ϩ mutants (Table 4) .
Cerebellum
As expected, the surface of the Lc/ϩ cerebellar cortex was reduced by 65.6% and that of the deep nuclei by 44.4% (Table 5) . Despite the total disappearance of Purkinje cells in Lc/ϩ mice, the remaining layers of the cerebellar cortex still exhibited a certain degree of lamination. However, the depth of the foliar crests was reduced by approximately 50% (p Ͼ 0.001) and their width by approximately 30% (p Ͼ 0.001). There was a 65% (p Ͼ 0.001) reduction in the granule cell and the molecular layers, respectively. In addition to Purkinje cell depletion, there was a marked loss of granule cells (Ϫ45%; p Ͼ 0.001), as determined by optical density readings of the layer. A 2-fold higher density of staining (p Ͼ 0.001) was observed in the molecular layer of the Lc/ϩ mutants, presumably due to shrinkage caused by the loss of parallel fibers and Purkinje cell dendritic arborizations.
Overall, the cerebellum presented relatively high amounts of binding to all glutamate receptor subtypes (Tables 5, 6 ). In the cerebellar cortex of ϩ/ϩ mice, there were similar densities of AMPA, KA, and NMDA receptors (230-280 fmol/mg protein) and much lower levels (60-70 fmol/mg protein) of MET1 and MET2 binding sites ( (Table 5 ). In the deep cerebellar nuclei of the ϩ/ϩ mice, the most prevalent receptors were of the KA (Fig.  1E) and NMDA (Fig. 3E ) subtypes, with higher densities of the latter class (Table 5 ). In Lc/ϩ mutants, there was an increase in absolute levels of total glutamate sites (ϩ56.3%) and NMDA receptors (Fig. 3F) amounting to ϩ66.6%. However, taking into account the loss of surface area, only KA receptor binding was decreased (Ϫ44.2%) in the deep cerebellar nuclei of the Lc/ϩ mutants. A differential distribution of the different glutamate receptors was documented when the cerebellar granular and molecular layers were compared (Table 6 ). In control ϩ/ϩ mice, the densities of ]AMPA receptor densities were lower by comparison to the values measured in ϩ/ϩ mice; these decreases were in the granular (Ϫ42.3% and Ϫ40.5%, respectively) and molecular (Ϫ32.1% and Ϫ57.7%, respectively) layers. Binding to NMDA receptors was greatly decreased, but only in the granular layer (Ϫ54.7%), and binding to MET1 receptors diminished (Ϫ29.9%) in the molecular layer. 
DISCUSSION
Methodology
Glutamate receptors have a widespread distribution throughout the mammalian brain (19, 20, 25) and are essentially made up of different protein subunits that combine to constitute macromolecular receptors that exhibit regional variations in their individual components. However, since specific radioactive probes were not readily available for all the different glutamate receptors, in the present survey only specific AMPA and KA binding with respectively [
3 H]AMPA and [ 3 H]kainate were studied, while [ 3 H]glutamate was used for the NMDA-sensitive sites and the metabotropic receptors. Incubation conditions (25) (26) (27) were chosen in order to render in each case the binding process more selective for each receptor subtype. As calcium and chloride ions are known to have little or no effect on NMDA (26) and kainate (32) binding, total [ 3 H]glutamate binding in the presence of these 2 ions preferentially labeled quisqualate receptors (33) . In the absence of a specific radioactive ligand for the metabotropic receptors MET1 and MET2, the physiological agonist [ 3 H]glutamate was used under conditions in which interactions with most ionotropic sites could be ruled out (34) . A similar substrate-subtype assay procedure with [ 3 H]glutamate permitted the specific labeling of NMDA receptors, while the use of a Tris-acetate buffer minimized the possible Ca 2ϩ -and Cl Ϫ -dependent binding to non-NMDA sites. Although 2 distinct populations of NMDA binding sites have so far been described, depending on whether the radiolabeled component is a glutamatergic agonist or an antagonist and whether the binding is carried out in association with the modulatory amino acid glycine (35, 36) , attempts to discriminate between these 2 subsets of NMDA receptors were not carried out. In the present study, binding of [ 3 H]glutamate to NMDA receptors was higher in cerebellum and neostriatum than in telencephalon. The [ 3 H]AMPA ligand binds with high affinity to 4 specific subunits (GluR1-4), activated with low affinity by kainic acid and with high affinity by AMPA, as shown in electrophysiological experiments (37) . In the present study, specific binding was substantially increased by the addition of thiocyanate, known to stabilize [ 3 H]AMPA binding to the highaffinity state of the receptor complex (38) (39) .
Cerebellum
The ataxic mutant Lurcher has a Purkinje cell-intrinsic defect (3) causing secondary damage to granule cells and glutamate decarboxylase-immunoreactive elements (inhibitory interneurons) of the cerebellar cortex. This secondary damage occurs even before the beginning of Purkinje cell death (40) . Consequently, adult Lc/ϩ mutants are characterized by a complete loss of Purkinje cells and a 90% reduction in the numbers of granule cells. The cerebellar glutamate content in Lc/ϩ mutants was found to be decreased by about 50%, in comparison to the levels measured in ϩ/ϩ mice (41, 42) ; as in other cerebellar mutants, this reduction can be attributed in part to the massive loss of granule cells (43) (44) (45) . However, although glutamate concentrations were not diminished in the cerebellar cortex of nervous mice, a mutant characterized by degeneration of Purkinje cells but with relative sparing of granule cells (44) , a decrease of glutamate and aspartate receptor binding (per mg of protein) was found in that region (46) , suggesting a localization of glutamate receptors on Purkinje cells. The lower levels of glutamate receptors measured in both granular and molecular layers of Lc/ϩ mutants are in line with previous findings (47, 48) showing that glutamate is a neurotransmitter of mossy fiber-granule cell and parallel fiber-Purkinje cell synaptic junctions, with glutamate receptors located postsynaptically. However, the 42% and 32% glutamate binding decreases, measured in the granular and molecular layers respectively, implies the presence of receptors on other elements; for example, there may be glutamate binding sites expressed on interneurons and glial cells, as well as on mossy or climbing fibers.
In the cerebellar cortex, the generalized down-regulation of total glutamate binding sites and of glutamate receptor subtypes suggests that these proteins are expressed by the degenerating neuronal populations, i.e. Purkinje and granule cells. Indeed, in Lc/ϩ mutants, decreased labeling of NMDA receptors was particularly severe in the granular layer, where binding was most intense in ϩ/ϩ mice due to the presence of this receptor subtype on granule cells (20, 48) . These results are in contrast with the apparent sparing of NMDA receptors in the granular layer of nervous mutants, because of the relative preservation of granule cells (19, 20) . Although Purkinje neurons express the NMDA zeta1 subunit (49), the dendrites entirely lack this protein, or contain only the inactive form of NMDA receptors (50) . Their normal levels in the molecular layer of the Lc/ϩ mutant is additional evidence of their localization on either stellate or basket cells, as previously proposed (19, 20) .
The densities of AMPA and metabotropic receptors were decreased in the molecular but not in the granular layer of nervous mutants (19) . In contrast, in Lc/ϩ mutants, AMPA receptor labeling was decreased in both layers, while MET1 receptor binding was diminished only in the molecular layer. The receptor binding decreases in the molecular layer of either mutant may be imputed to the loss of Purkinje neurons. Indeed, parallel and/or climbing fibers can stimulate Purkinje cell activity through both AMPA-sensitive and AMPA-insensitive quisqualate postsynaptic receptors (48) . As was the case for NMDA receptors, the residual [ 3 H]AMPA binding in the molecular layer could be located on interneurons because of the known projections by parallel or climbing fibers. The distribution of the mRNAs for GluR-C and GluR-D protein subunits in stellate and basket cells supports the latter hypothesis. Bergmann glial cells may also contribute to AMPA receptor labeling (37) . Low AMPA receptor densities in the granular layer may be due to their presence on granule cells, as previously suggested on the basis of the labeling of a subcellular fraction enriched in cerebellar glomeruli (51) . Furthermore, the mRNAs for GluR-B and GluR-D protein subunits are expressed in these cells (37) .
In contrast to the previous glutamate receptor subtypes, MET2 and KA receptor binding levels were preserved in both cerebellar layers of Lc/ϩ mice. In ϩ/ϩ mice, [ 3 H]kainate binding in the molecular layer was higher than in the granular layer, similar to previous findings in rats (27) and pigeons (52) . However, dissimilar findings were reported in a different mouse strain (20) and rat (53) ; such discrepancies may be due to the different species and ligand concentrations, as well as to the varying specific activities of the radioactive ligands. Whereas KA receptor binding remained unchanged in nervous mice, decreases differing in severity were observed in other mutants with variable losses of cerebellar granule cells, such as weaver, staggerer, and reeler (18) , concordant with the proposal that KA receptors are located on presynaptic parallel fibers (52) ; the decrease of [ 3 H]kainate binding measured in the cerebellar cortex of Lc/ϩ mutants supports this hypothesis. In addition, the mRNAs encoding KA-2 and GluR-6 proteins, representing highaffinity KA receptors, were found to be highly expressed in granule cells (54) ; the GluR-7 gene in interneurons of the cerebellar cortex could account for the residual binding found in both layers.
Under normal conditions, the deep cerebellar nuclei receive inhibitory afferents from Purkinje cells and excitatory afferents from climbing and mossy fibers (48, 55) . The reduction of glutamate concentration observed in the deep cerebellar nuclei of weaver and staggerer mice but not in the nervous mutant (44, 45) may be related to the loss of granule cells, perhaps causing mossy fiber hypofunction. Contrary to the results found in the cerebellar cortex, NMDA receptor binding was increased in the deep nuclei of Lc/ϩ mutants. The cell loss of the Lc/ϩ deep nuclei is moderate, approximately 30% (5), but the additional depletion of all Purkinje cell axons implies a structural atrophy of about 45%. Therefore, it appears that the labeling corrected by the surface area was similar in both groups, indicating a relative preservation of NMDA and AMPA receptors, probably located on the spared cells of the deep nuclei. The decrease in KA receptors may be due either to the loss of Purkinje cell axons or to the degeneration of intrinsic cells containing this receptor subtype.
Extracerebellar Regions
The binding of [ 3 H]glutamate to total glutamate sites was lower in the inferior olive of Lc/ϩ mutants than in ϩ/ϩ mice; this decrease can be explained by the 60% neuronal loss (6), probably as a secondary consequence of Purkinje cell degeneration. Binding densities of glutamate receptor subtypes in Lc/ϩ mutants were altered in cerebellar efferent regions, such as the ventro-lateral and intralaminar thalamic nuclei, as well as in primary and secondary motor cortices. The lower densities of KA and NMDA receptors in these regions may be secondary consequences of damage to the cerebellar cortex and/or deep nuclei; the latter are known to project to the thalamus (31) . The down-regulation of KA receptors in the ventrolateral thalamus may have functional significance, since cytochrome oxidase activity of this region was found to be augmented (17) , indicating a chronic state of cellular hypermetabolism perhaps caused by the absence of Purkinje cell inhibition.
In addition to the cerebellum and related structures, alterations in binding to glutamate receptor subtypes were documented in cerebral cortex, neostriatum, and hippocampus; these regions are characterized by an extensive glutamatergic circuitry. Although the total glutamate receptor binding was unaltered in Lc/ϩ forebrain similar to the unchanged cytochrome oxidase activity reported for these regions (17) , when considering labeling to the different receptor subtypes a consistent pattern of alterations was revealed. In the case of the 3 ionotropic receptors, there was a pattern of reciprocal changes; i.e. KA and NMDA receptor labeling was lower and AMPA receptor labeling was higher. Different subareas of the hippocampal formation and the septum were affected, as well as limbic and motor cortical areas, whereas sensory cortical areas were relatively preserved. It is conceivable that these changes can also be attributed to the cerebellar cortical degeneration since these areas receive indirect cerebellar inputs (56) . However, besides the important expression of the glutamate ␦2 gene in Purkinje cells, lower levels of expression were detected in the cingulate cortex and in the dentate granule cells of the hippocampal formation (1, 2) . As all the forebrain regions mentioned are interconnected, the altered glutamate receptor subtype labeling measured may be caused by the gain of malfunction of the ␦2 gene. The previously reported reductions in glutamate contents of hippocampal and entorhinal-piriform regions of Lc/ϩ mutants (42) complements the present results because of the well-known cingulate-entorhinal and entorhinal-hippocampal projections. Important glutamate receptor subtype alterations were also observed in neostriatum, although glutamate and dopamine contents (42) as well as densities of dopamine transporters, or uptake-sites (57), were documented to be unchanged. The alterations in neostriatal glutamate receptor subtypes may be a consequence of the cortical modifications because of the extensive glutamatergic cortico-striatal projections (58, 59) , but parts of the amygdala and the intralaminar thalamic nuclei known to project to the neostriatum may have participated to some extent in these changes as well.
Conclusion
The glutamate receptor channel ␦2 subunit selectively targets cerebellar Purkinje cell spines (60) and is co-expressed with ionotropic postsynaptic receptors, thus allowing for a direct interaction between different subunits (24) . However, considered as an orphan receptor, the subunit composition of the native channel incorporating the ␦2 subunit is still unknown. The present results in Lc/ϩ mutants showed that dysfunction of the ␦2 glutamate receptor affects the entire glutamate receptor populations, not only in the cerebellum where the alterations represent a direct consequence of neuronal loss, but also in other various brain regions. The massive brainstem degeneration in the homozygous Lurcher mutant, and the presence of the ␦2 receptor subunit in extra-cerebellar pathways indicate that partial expression of the gene in the Lc/ϩ mice may have other functional consequences in addition to the cerebellar lesion.
Overall, the receptor alterations showed a specific pattern. Although KA and AMPA receptors share similar electrophysiological properties implicated in rapid neurotransmission while NMDA receptors are responsible for slower excitatory activity, the so-called fast KA and AMPA receptors were altered in completely opposite ways.
The glutamate ␦2 receptor subunit has been implicated in modulatory functions and in synaptic plasticity such as cerebellar long-term depression, as demonstrated in ␦2 knock-out mice (22, 61, 62) , as well as in mechanisms of vestibular compensation after labyrinthectomy (63) . However, nothing is known about the possible interactions that could appear in the various glutamate receptor populations after knocking out the ␦2 gene.
The neuropathological and behavioral abnormalities in the Lc/ϩ mutant resemble those found in dominantly inherited cerebellar ataxia (64) . It has been suggested that cell death in heredo-degenerative ataxia is a consequence of glutamate-induced toxicity, mediated by the excitatory amino acid neurotransmitters normally found in climbing, mossy, and parallel fibers (48) . However, no decrease of the catabolic enzyme glutamate dehydrogenase was found in various cerebellar mutant mice, raising the possibility that excessive glutamate may not be the unique cause of cell death (65) . On the other hand, the defective Lurcher gene encodes the glutamate receptor subunit ␦2 (66), predominantly expressed in Purkinje cells (2) , whose hyperfunction was proposed to be the underlying factor responsible for cell degeneration. Recently, the human gene encoding for the ␦2 glutamate receptor subunit was isolated, and the data revealed a 97% homology to that of the mouse amino acid sequence (67) . Because the Lurcher phenotype resembles some forms of human cerebellar ataxia, it is suggested that genetic alterations in the ␦2 glutamate receptor subunit in the human, similar or analogous to what has been observed in studies presented and reviewed here, may produce changes in glutamate receptor sensitivity that could ultimately lead to the physiopathological changes of human heredo-familial ataxia.
